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Reporting in this issue of Developmental Cell, Spe´der and Brand (2014) show that gap junctions are required
in blood-brain barrier glial cells to reactivate proliferation of quiescent neuroblasts. Gap junctions allow syn-
chronous Ca2+ waves and control insulin-like protein Dipl6 expression and secretion to trigger neuroblast
division.During development, the formation of
organs from specialized stem cells fre-
quently calls for an integration of signals
that provide information on the nutritional
status of the animal. The coupling of
nutrient conditions and cell proliferation
is in particular evident in the germline
and during reactivation of stem cells in
the nervous system. The formation of the
adult Drosophila nervous system, initiated
during late larval stages, has served as an
excellent model to decipher how environ-
mental cues act on the coordination of cell
proliferation. In this context, the relevant
stem cells—neuroblasts—are generated
during embryogenesis. Following a short
embryonic proliferation phase, neuro-
blasts remain quiescent until late larval
stages, when they resume proliferation
to build the adult fly nervous system. The
reactivation of neuroblast proliferation re-
quires a nutritional checkpoint, which is
conveyed to the neuroblasts via a still-
elusive signal from an adipose-like tissue
called the fat body (Britton and Edgar,
1998). This signal triggers insulin produc-
tion by subperineurial glial cells that form
the blood-brain barrier (BBB), which in
turn activates the insulin/IGF pathway in
neuroblasts (Chell and Brand, 2010;
Sousa-Nunes et al., 2011) (Figure 1).
In this issue of Developmental Cell,
Spe´der and Brand (2014) further dissect
the process of neuroblast reactivation dur-
ing larval development and make the sur-
prising finding that gap junctions in the
BBB glia are required to conveymetabolic
signals to neuroblast proliferation via Ca2+
oscillations and subsequent secretion of
insulin-like peptides (Figure 1). Gap junc-
tions are formed by special transmem-
brane proteins assembling dense arrays
of hemichannels. In vertebrates gap junc-tions are formed by connexins, whereas in
invertebrates these channels are made up
of innexins. The Drosophila genome en-
codes eight innexin-like genes, most of
which are expressed in the nervous sys-
tem (Holcroft et al., 2013). Mutations in
innexin1 or optic ganglion reduced (ogre)
are associated with defects in postem-
bryonic neuroblast proliferation, whereas
pan-glial knockdown of ogre or innexin2
(inx2) results in a reduced adult CNS
growth (Holcroft et al., 2013).
Spe´der and Brand (2014) present the
surprising finding that the two Drosophila
innexins, Ogre and Inx2, are needed spe-
cifically in the BBB to control neuroblast
reactivation. In the mammalian BBB, the
role of gap junctions has recently received
more attention. It was shown that gap
junctions are required to modulate
permeability of the BBB independent of
transcriptional regulation of tight junction
proteins such as claudins (De Bock
et al., 2014). However, Spe´der and Brand
(2014) did not detect alterations in the
tightness of the BBB upon innexin knock-
down; flies with a mild disruption of BBB
integrity, such as seen in moody/ mu-
tants, also showed a normal growth of
the nervous system, and homozygous
mutant flies behave normally. This indi-
cates that neuroblast reactivation occurs
normally in the absence of a tight BBB.
A key glial signaling cue required for the
reactivation of neuroblast proliferation is
the Drosophila insulin-like protein 6,
Dilp6 (Chell and Brand, 2010; Sousa-
Nunes et al., 2011). dilp6 is broadly ex-
pressed by glial cells in the larval CNS,
and this expression is dependent on the
nutritional status of the animal. Pan-glial
knockdown of both innexins, ogre and
inx2, resulted in an clear decrease ofDevelopmental Cell 30dilp6 mRNA expression. Even more dra-
matically, secretion of Dipl6 expressed
under the control of the Gal4-UAS system
specifically in the subperineurial glia cells
was suppressed in ogre mutants. Thus,
loss of innexins affects the transcriptional
status as well as the secretory abilities
of the BBB glia. Cells coupled by gap
junctions often show synchronized Ca2+
waves; indeed, Spe´der and Brand (2014)
uncovered such Ca2+ waves in the sub-
perineurial glia of Drosophila larvae. Ca2+
waves appear to be a more general glial
property and have also been reported
for the cortex glia and the astrocyte-like
glia of the larvae (Melom and Littleton,
2013; Stork et al., 2014). It is noteworthy
that despite the block in secretion in the
subperineurial glia, pan-glial expression
of Dilp6 was able to rescue the ogre
mutant phenotype, suggesting that the
block of protein secretion may be specific
for the subperineurial glia.
Interestingly, the nutritional status of
the animal also influenced the formation
of synchronous Ca2+ waves in the subper-
ineurial glia. In amino acid-starved ani-
mals—as in ogre mutants—synchronous
Ca2+ waves were completely abolished in
the subperineurial glial cells, suggesting
that the still-elusive fat-body-derived sig-
nal controls the collective behavior of
these glial cells. The rise of Ca2+ concen-
tration in a cell can either be explained by
an opening of Ca2+ channels in the plasma
membrane or by a release of Ca2+ from in-
ternal stores. The latter is controlled by
activation of an inositol triphosphate
(IP3)-gated Ca2+ channel (Ins3PR) located
in the membrane of the endoplasmic retic-
ulum (ER). Indeed, silencing of this recep-
tor in the BBB glia resulted in an impaired
neuroblast reactivation, suggesting that, August 11, 2014 ª2014 Elsevier Inc. 249
Figure 1. Gap Junctions in the Blood-Brain Barrier Glia
A still-unknown fat-body-derived signal passes through the neural lamella and
the perineurial glial cell layer to reach the subperineurial glia, which together
constitute the blood-brain barrier. There, the signal elicits synchronous Ca2+
oscillation waves and secretion of Dilp6 into the CNS. The subperineurial glial
cells express the innexins Ogre and Inx2, which can form complexes. In addi-
tion to cell-cell channels, hemichannels may be formed. Dilp6 reaches
the neuroblasts directly or through a relay in the cortex glia. PG, perineurial
glia; SPG, subperineurial glia; SJ, septate junctions; CG, cortex glia; NB,
neuroblast.
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Ca2+ release from intracellular
stores. In agreement with this,
forced membrane hyperpo-
larization, which is expected
to close voltage-gated Ca2+
channels in the glial plasma
membrane, also resulted in a
disruption of dilp6 mRNA
expression and Dilp6 protein
secretion and in a failure to
reactivate neuroblast pro-
liferation in larval stages.
Together, these data nicely
demonstrate that the control
of neuroblast proliferation is
conveyed via a synchronous
Ca2+-mediated secretion of
insulin-like peptides. This
finding is reminiscent of
pancreatic cells that need
coupling via gap junctions for
insulin secretion (Farnsworth
and Benninger, 2014).
How might the innexins
work to orchestrate the
concerted insulin release? In
principle, two mechanistic
explanations can be envi-
sioned. On the one hand, a
direct coupling of the sub-
perineurial glial cells can be
employed to spread a Ca2+
wavewithin theentirepopula-
tion of subperineurial glialcells. Such a direct coupling is found in
the endothelial BBB of higher vertebrates,
but it still needs to be verified in
Drosophila, which, given the small size
of the subperineurial glial cells, may be
rather difficult. On the other hand, innexins
form hemichannels as their vertebrate
counterparts the connexins, which could
either be used for Ca2+ entry or the secre-
tion of ATP, which in turn could stimulate
Dilp6 secretion via purinergic receptors
in the neighborhood (Figure 1).250 Developmental Cell 30, August 11, 2014Once Dilp6 is secreted by the subper-
ineurial glia, it needs to be sensed
by the quiescent neuroblast. In the
larval nervous system, neuroblasts are
covered by processes of the cortex
glia, and thus Dilp6 might travel to the
neuroblast via the interstitial fluid. Given
the fast diffusion of even rather large
dextran molecules in the nervous sys-
tem (Stork et al., 2008), this appears to
be possible. Alternatively, the Dilp6
signal might be relayed by yet anotherª2014 Elsevier Inc.insulin-like signal through the
cortex glia (Figure 1).
The work by Spe´der and
Brand (2014) highlights the
role of the BBB as a signaling
hub and reminds us that tis-
sues are more than just a col-
lection of single cells; rather,
they require intensive coupl-
ing and coordination. Although
mammals have an endothelial-
based BBB, more primitive
vertebrates such as sharks or
rays still have a glial BBB.
Thus, signaling networks re-
lated to the one described by
Spe´der and Brand (2014) may
be more broadly conserved.
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